Chronic stress stimulates corticotrophin-releasing hormone (CRH)-expressing neurons in the paraventricular nucleus (PVN) of the hypothalamus and leads to hypothalamic-pituitary-adrenal (HPA) axis hyperactivity, but the mechanisms underlying this action are unknown. Because chronic stress enhances N-methyl-D-aspartate receptor (NMDAR) activity in various brain regions, we hypothesized that augmented NMDAR activity contributes to the hyperactivity of PVN-CRH neurons and the HPA axis in chronic stress. We performed whole-cell patch-clamp recordings on PVN-CRH neurons expressing CRH promoter-driven enhanced green fluorescent protein in brain slices from rats exposed to chronic unpredictable mild stress (CUMS) and unstressed rats. CUMS rats had significantly higher expression levels of the NMDAR subunits GluN1 in the PVN than unstressed rats. Furthermore, puff NMDA-elicited currents, evoked NMDAR currents, and the baseline frequency of the miniature excitatory postsynaptic currents (mEPSCs) in PVN-CRH neurons were significantly larger in CUMS rats than in unstressed rats. The NMDAR-specific antagonist 2-amino-5-phosphonopentanoic acid (AP5) significantly decreased the frequency of mEPSCs of PVN-CRH neurons in CUMS rats but did not change the frequency or amplitude of mEPSCs in unstressed rats. Bath application of AP5 normalized the elevated firing activity of PVN-CRH neurons in CUMS rats but not in unstressed rats. In addition, microinjection of the NMDAR antagonist memantine into the PVN normalized the elevated corticosterone (CORT) levels in CUMS rats to the levels in unstressed rats, but did not alter CORT levels in unstressed rats. Our findings suggest that synaptic NMDAR activity is enhanced in CUMS rats and contributes to the hyperactivity of PVN-CRN neurons and the HPA axis. (Endocrinology 159: 1537(Endocrinology 159: -1546(Endocrinology 159: , 2018 C hronic stress may result in hypothalamic-pituitaryadrenal (HPA) axis hyperactivity (1, 2), which is associated with many neurologic disorders, such as depression (3, 4) and Alzheimer's disease (5-8). The HPA axis plays a critical role in the neuroendocrine response to stress stimuli (2). The paraventricular nucleus (PVN) of the hypothalamus is a key brain region that determines HPA axis activity (9). The corticotrophinreleasing hormone (CRH)-expressing neurons located in the PVN are crucial in mediating the HPA axis response to stress (2). The PVN-CRH neurons are innervated by inhibitory g-aminobutyric acid (GABA)-ergic and 
C hronic stress may result in hypothalamic-pituitaryadrenal (HPA) axis hyperactivity (1, 2) , which is associated with many neurologic disorders, such as depression (3, 4) and Alzheimer's disease (5) (6) (7) (8) . The HPA axis plays a critical role in the neuroendocrine response to stress stimuli (2) . The paraventricular nucleus (PVN) excitatory noradrenergic and glutamatergic inputs (10, 11) . However, the synaptic mechanisms underlying HPA axis hyperactivity in response to chronic stress remain unknown.
Glutamate, a major excitatory neurotransmitter in the central nervous system, is involved in regulating HPA axis activity (12) . Previous studies have shown that glutamateimmunoreactive synapses (11, 13) and glutamate receptors, including N-methyl-D-aspartate receptor (NMDAR) messenger RNA (mRNA) and protein, are distributed in the PVN (2, 14, 15) . Chronic variable stress increases the number of glutamatergic terminals opposing PVN-CRH neurons (16, 17) . Furthermore, chronic stress increases the activity of ionotropic glutamate receptors including NMDAR in the hippocampus and amygdala and leads to learning and memory impairment and depression-like behavior (18, 19) . NMDARs are heterotetrameric, commonly composed of two GluN1 subunits and two GluN2 (GluN2A or GluN2B) subunits, and distributed in both presynaptic terminals and postsynaptic soma (20) (21) (22) . It has been shown that chronic variable stress decreases GluN2B mRNA levels, but did not alter GluN1 and GluN2A mRNA levels in the PVN (11) . However, it is not clear if chronic stress alters NMDAR protein expression levels and synaptic NMDAR function in the PVN. Because chronic stress enhances NMDAR activity in various brain regions such as hippocampus (18, 23) , frontal cortices (24) , as well as the hypothalamus (11), we hypothesized that augmented NMDAR activity in the PVN contributes to the hyperactivity of PVN-CRH neurons and the HPA axis during chronic stress. Thus, in the current study, we determined whether chronic stress affects the NMDAR subunit protein expression levels in the PVN. Using a recently developed approach to identify PVN-CRH neurons, we determined the extent to which chronic stress increases NMDAR activity and the role of NMDARs in the control of HPA axis hyperactivity during chronic stress. 
Materials and Methods

Chronic unpredictable mild stress procedures
In the chronic unpredictable mild stress (CUMS) procedure, rats were exposed to two of eight stressors varied from day to day for 11 consecutive days according to an established paradigm (25) . These stressors were forced swim (5 minutes), restraint stress (60 minutes), isolation housing (overnight), food and water deprivation (12 hours), cage rotation (50 minutes), cold isolation (15 minutes), light off (2 hours), and light on (overnight). To avoid any effect of the last stressor in the CUMS procedure, the measurements, including those of circulating corticosterone (CORT), sucrose preference test, and electrophysiological recordings, were performed 3 to 5 days after the cessation of CUMS procedure. The plasma CORT levels and sucrose preference test determined to confirm that the CUMS procedure induced behavioral and hormonal alteration. The rats were trained by drinking 0.7% sucrose solution for 48 hours before the sucrose preference test. Then, each rat was simultaneously exposed to two bottles: one contained 0.7% sucrose solution, and another one contained tap water for 24 hours. These two bottles were randomly positioned (right or left) after 12 hours to avoid side preferences. Consumption of tap water or sucrose solution was determined by subtracting the volume of residual solution at the end of testing from the initial volume. The sucrose preference was determined as a percentage of consumed sucrose solution intake over the total amount of liquid intake (water intake plus sucrose intake).
Identification of PVN-CRH neurons
We identified PVN-CRH neurons by assessing the specific expression of enhanced green fluorescent protein (eGFP) driven by the rat CRH promoter, as described previously (26) (27) (28) (29) . In brief, a plasmid containing a sequence of eGFP driven by the rat CRH-promoter was constructed and packaged into an adenoassociated viral (AAV) vector and concentrated to a high titer (10 13 ) of genome copies per milliliter. The serotype of the AAV used was chimeric AAV1/2 containing both AAV1 and AAV2 capsid proteins with a ratio of 1:1. The AAV-CRH-eGFP vector was packaged by GeneDetect Limited (Auckland, New Zealand) (26) . The vector was bilaterally microinjected into the PVN of rats anesthetized with 2% isoflurane through a hole drilled through the skull following the coordinates: 1.6 to 2.0 mm caudal to the bregma and 0.5 mm lateral to the midline. The tip of a 0.5-mL microsyringe controlled by a nanoinjector was advanced into the PVN according to the stereotaxic coordinates 1.8 to 2.0 mm caudal from the bregma, 0.5 mm lateral to the midline, and 7.3 to 7.5 mm deep from the surface of the cortex. We delivered 100 nL of the AAV vector into each side of the PVN over the course of 2 minutes. The rats were returned to their home cages after they woke up from the anesthesia. We allowed 20 to 30 days for eGFP to be expressed in PVN-CRH neurons.
Next, we performed single-cell reverse transcription polymerase chain reaction (PCR) to detect CRH mRNA expression in PVN neurons using the Single Cell-to CT TM kit (Invitrogen, Carlsbad, CA). The eGFP-labeled neuron membrane was ruptured by a glass pipette containing 2 mL of diethylpyrocarbonatetreated water, and the cytoplasm was extracted into this pipette (30) . The cytoplasm was processed for reverse transcription, and then PCR amplifying of mRNA of b-actin was conducted with the primers 5 0 -ATCTATGAGGGTTACGCGCTC-3 0 (forward) and 5 0 -TGCTAGGAGCCAGGGCAGTA-3 0 (reverse) and CRH with primers 5 0 -CGCGATGTGGCAAAAAGCTA-3 0 (forward) and 5 0 -ACCTAAAAGGGACACCCCCT-3 0 (reverse). These primers were synthesized using Integrated DNA Technologies (Coralville, IA). Final PCR products were electrophoresed on 2% agarose gel in tris(hydroxymethyl)aminomethane-acetate-EDTA buffer with 40.0 mM tris(hydroxymethyl)aminomethane-acetate and 1 mM EDTA (pH 8.0) containing 0.5 mg/mL ethidium bromide and displayed under UV light. The gel images were photographed.
Electrophysiological recording in brain slices
Brain slices containing the hypothalamic PVN were cut from the brain tissue harvested from the AAV CRH promoter GFPinjected rats. In brief, the brain tissue of the rat was immediately removed after the rat was decapitated under 2% isoflurane anesthesia. Then, the brain was emerged in ice-cold artificial cerebral spinal fluid (aCSF) containing 124.0 mM NaCl, 3.0 mM KCl, 1.3 mM MgSO 4 , 2.4 mM CaCl 2 , 1.4 mM NaH 2 PO 4 , 10.0 mM glucose, and 26.0 mM NaHCO 3 (300 mOsm, gassed by 95% O 2 and 5% CO 2 ). The brain tissue was trimmed to a tissue block containing the hypothalamus and glued onto the stage of a vibrating microtome (VT1000; Leica Biosystems Inc., Buffalo Grove, IL). Coronal hypothalamic slices were sectioned at a thickness of 300 mm and transferred to a chamber containing aCSF continuously gassed with a mixture of 95% O 2 and 5% CO 2 at 34°C for at least 1 hour before electrophysiological recording.
Whole-cell recordings were performed in eGFP-labeled neurons in hypothalamic slices, which were placed in the recording chamber and fixed to the bottom of the recording chamber by a mesh mounted on a stainless steel weight. The recording chamber was perfused with aCSF at a speed of 3.0 mL/min at 34°C maintained by an inline solution heater and a temperature controller (model TC-324; Warner Instruments, Hamden, CT). The eGFP-labeled PVN neurons were firstly identified by an upright microscope (BX51WI; Olympus, Tokyo, Japan) with a combination of epifluorescence illumination and differential interference contrast optics. The recording electrode was pulled from borosilicate capillaries (1.2 mm outer diameter, 0.68 mm inner diameter; World Precision Instruments, Sarasota, FL) by using a micropipette puller (P-97; Sutter Instruments, Novato, CA). The resistance was 3 to 5 MV when filled with intracellular solution containing: 140.0 mM potassium gluconate, 2.0 mM MgCl 2 , 0.1 mM CaCl 2 , 10.0 mM HEPES, 1.1 mM EGTA, 0.3 mM Na 2 -GTP, and 2.0 mM Na 2 -ATP adjusted to pH 7.25 with 1 M KOH, 270 to 290 mOsm. The miniature excitatory postsynaptic currents (mEPSCs) were recorded at a holding potential of 260 mV in the presence of 1.0 mM tetrodotoxin (TTX). The NMDA currents were elicited by puff application of 100 mM NMDA through pressure system IIe (Toohey Company, Fairfield, NJ). The puff pipette (15-mm tip diameter) was placed ;100 to 150 mm away from the recorded neuron. Positive pressure (3 to 5 psi) was applied for 100 to 200 ms to eject NMDA onto the recorded neuron. In addition, because the NMDA channel is blocked by Mg 2+ at negative holding potentials and coactivated by glycine, puff NMDA-elicited currents were recorded in Mg 2+ -free solution and in the presence of glycine 10 mM as described previously (31, 32) .
To study glutamatergic synaptic inputs to the PVN-CRH neurons, we recorded evoked excitatory postsynaptic currents (EPSCs) induced by electric stimulation (0.5 to 1.0 mA at a duration of 0.2 ms at 0.2 Hz) through a bipolar tungsten electrode connected to a stimulator (Grass Instruments, Quincy, MA). The stimulation electrode tip was placed on the ventral side to the recorded PVN neurons. The distance between the tip and recorded neuron was ;150 mm. The evoked a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR)-EPSCs were recorded at a holding potential of 260 mV in the presence of 10 mM gabazine to block GABA A receptor-mediated inhibitory postsynaptic currents. The evoked NMDAR-EPSCs were recorded at a holding potential of 40 mV in the presence of 10 mM gabazine and 20 mM 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX). A serial of stimulation with intensity from low to high was delivered to recorded neurons to determine the threshold and peak response for evoked EPSCs. The stimulation intensity that induced half of the peak response was used to evoke EPSCs. The stimulation intensities did not differ among different treatment groups. The recording pipette was filled with an internal solution containing 110.0 mM Cs 2 SO 4 , 2.0 mM MgCl 2 , 0.1 mM CaCl 2 , 1.1 mM EGTA, 10.0 mM HEPES, 2.0 mM MgATP, and 0.3 mM Na 2 GTP adjusted to 7.25 with 1.0 mM CsOH and 280 to 300 mOsm. To block Na + channels in the postsynaptic neurons, which could be potentially opened by electrical stimulation (32, 33), we included 10.0 mM lidocaine N-ethyl bromide (QX-314; Abcam, Cambridge, MA) in the internal solution.
We recorded the spontaneous firing discharge of eGFP-labeled PVN-CRH neurons under current-clamp conditions without applying holding currents. To avoid affecting the firing activity, we did not use TTX in the perfusion solution and QX-314 in the internal recording solution. The firing activity of the PVN-CRH neurons was recorded ;5 to 10 minutes after the whole-cell access was established and reached a steady state. The electrical signals were amplified by a Multiclamp 700B amplifier (Molecular Devices, Sunnyvale, CA), filtered at 2 kHz, digitalized at 10 kHz using Digidata 1320A (Axon Instruments, Union City, CA), and stored at Axon data format in a computer for further analysis. We performed electrophysiological recording on one neuron in each brain slice. At least five rats were used for each recording protocol. We freshly prepared all drugs in aCSF before each experiment and delivered them to the recording chamber at the final concentrations. 2-Amino-5-phosphonopentanoic acid (AP5), TTX, QX-314, gabazine, and CNQX were purchased from Abcam.
Western immunoblotting
Each rat was anesthetized with 2% isoflurane and quickly decapitated. The brain was sectioned at the level of 1.08 to 2.12 mm caudally to the bregma. PVN tissues were micropunched bilaterally with a slice punch (0.5-mm diameter) spanning from 1.08 to 2.12 mm caudal to the bregma under a dissection microscope. Bicinchoninic acid assay was used to extract total protein (Thermo Fisher Scientific, Waltham, MA). The extracted protein was separate by 4% to 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis and transferred to a polyvinylidene difluoride membrane (Immobilon P; Millipore, Burlington, MA). The immunoblots were probed with rabbit anti-GluN1 (Sigma-Aldrich, St. Louis, MO) and rabbit anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH) antibodies (Abcam) overnight. The next day, goat anti-rabbit horseradish peroxidase antibody (Abcam) was applied to the immunoblots for 2 hours at room temperature. The protein bands were detected using a chemiluminescence kit (Life Technologies, Waltham, MA), quantified using ImageJ software (National Institutes of Health, Bethesda, MD), and normalized by the GAPDH optical density within the same sample.
Cannulation and PVN microinjection
Rats were anesthetized with 2% isoflurane and implanted with a 26-gauge double-barrel guide cannula (1.0 mm between barrels, 7.0 mm long; RWD Life Science Ltd, San Diego, CA). The tips of the guide cannula were 1.0 mm dorsal to the bilateral PVN. After the guide cannula was affixed to the skull with dental acrylic, a dummy cannula was inserted into the two barrels of the guide cannula, and a dust cap was used to cover the external end of the dummy cannula. After recovering from anesthesia, the rats were returned to their cages and allowed to recover for 1 to 2 weeks before the microinfusions were performed. During the microinfusion procedure, an injection needle with a bilateral cannula targeting 1.0 mm beyond the tip of the guide cannula was placed into the guide cannula. Memantine (100 pmol in 50 nL of aCSF) or vehicle (50 nL aCSF) was injected bilaterally into the PVN. The injection sites in the PVN were verified at the end of each experiment by infusion of 50 nL fluorescent microspheres (0.04 mm, wavelength 580 nm, red).
Measurement of CORT levels
Blood samples were collected before CUMS, 5 to 10 days after cessation of CUMS, and at multiple time points (30, 60 , and 120 minutes) after PVN injection of vehicle and memantine in CUMS rats and unstressed rats. Blood samples were collected from the saphenous vein of each rat at 10:00 AM. Blood samples of only 100 mL were collected to avoid influencing blood volume loss on CORT levels. The serum was obtained by subjecting the blood in serum collection tubes to centrifugation at 19,064g for 5 minutes. Circulating CORT concentrations were measured by an enzyme immunoassay (Enzo Life Sciences, Farmingdale, NY) and compared with a standard curve of known CORT concentrations per the manufacturer's instructions. The sensitivity of this immunoassay was 26.99 pg/mL, and the intra-assay coefficients of variation were 4.6% in the unstressed plus vehicle group, 3.6% in the unstressed plus memantine group, 5.3% in the CUMS plus vehicle group, and 5.1% in the CUMS plus memantine group.
Data analysis
Data are presented as the means 6 standard errors of the mean. Spontaneous firing activity and mEPSCs were analyzed offline using a peak detection program (MiniAnalysis; Synaptosoft Inc., Decatur, GA). The firing rate and frequency of the mEPSCs of PVN-CRH neurons were averaged over 3 minutes before, during, and after drug application. The liquid junction potential was corrected depending on the ionic composition of the internal and external solution. We used the software pClamp (version 10
Results
PVN-CRH neuron identification
PVN-CRH neurons were reliably identified by specifically expressing eGFP under the control of the rat CRH promoter (Fig. 1A) . To validate that the eGFPtagged PVN neurons were CRH-expressing neurons, single-cell PCR was used to detect CRH mRNA in eGFPtagged PVN neurons. The intracellular content of a single eGFP-tagged PVN neuron was extracted into the glass pipette for mRNA extraction (Fig. 1C) . CRH mRNAs were detected in all eight eGFP-labeled neurons but not in three eGFP-negative neurons. The b-actin mRNA, used as a control, was detectable in both the eGFP-positive and eGFP-negative neurons (Fig. 1D) .
CUMS increases NMDAR expression levels in the PVN
Chronic stress can induce hyperactivity of the HPA axis (34) and alter NMDAR activity in a variety of brain regions (18, 35, 36) . Because NMDARs are composed of two GluN1 and two GluN2 (GluN2A or GluN2B) subunits (21), we determined GluN1 expression levels to assess whether CUMS alters the protein levels of the NMDARs in the PVN. CUMS treatment significantly increased circulating CORT levels (n = 9; t (16) = 14.90; P , 0.0001), whereas it decreased sucrose preference (n = 9; t (16) = 8.27; P , 0.0001; Fig. 2A and 2B) . Each immunoblot detecting GluN1 displayed a single band. The density of these bands for GluN1 in PVN tissues were significantly higher in CUMS rats than in unstressed rats (n = 8 samples; GluN1: t (14) = 4.73; P = 0.0003; Fig. 2C and 2D ).
CUMS enhance postsynaptic NMDAR activity in PVN-CRH neurons
Because NMDARs are expressed in both presynaptic terminals and postsynaptic soma (21, 37), we then determined whether CUMS altered postsynaptic NMDAR activity. The NMDAR currents were elicited by puff application of 100 mM NMDA in Mg 2+ -free external solution at a holding potential of 260 mV. Puff NMDA-elicited currents in the PVN-CRH neurons were significantly larger in CUMS rats than in unstressed rats (n = 7 neurons from 6 rats in unstressed and n = 9 neurons from 6 rats in CUMS group; t (14) = 4.94; P = 0.0002; Fig. 3A and 3B) .
We next compared the electrical evoked AMPAR-and NMDAR-mediated EPSCs in PVN-CRH neurons in CUMS rats and unstressed rats. The AMPAR-EPSCs were recorded at a holding potential of 260 mV in the presence of 10 mM gabazine. Bath application of 20 mM CNQX abolished the evoked AMPAR-EPSCs. The NMDAREPSCs were recorded at a holding potential of 40 mV in the presence of 10 mM gabazine and 20 mM CNQX. Bath application of 50 mM AP5 eliminated NMDAREPSCs. The amplitude of evoked AMPAR-EPSCs of labeled PVN neurons was similar in unstressed rats (n = 7 neurons) and CUMS rats (n = 8 neurons). In contrast, the amplitude of evoked NMDAR-EPSCs was significantly greater in CUMS rats than in unstressed rats. The ratio of NMDAR-EPSCs to AMPAR-EPSCs in CUMS rats was significantly larger than that in unstressed rats (n = 7 neurons in unstressed rats and n = 8 neurons in CUMS rats; t (13) = 5.45; P = 0.001; Fig. 3 ). 
CUMS induces tonic activation of presynaptic NMDAR in PVN-CRH neurons
Presynaptic NMDARs in the PVN are silent under physiological conditions but become tonically activated in certain conditions (38) . To determine the role of presynaptic NMDARs in regulating presynaptic glutamate release to PVN-CRH neurons, we recorded mEPSCs to reflect spontaneous quanta release of glutamate from presynaptic terminals (39) . Postsynaptic NMDAR activity was blocked by including 1 mM MK-801 to the internal solution in the recording pipette (40) . The baseline frequency of mEPSCs was significantly higher in CUMS rats (n = 9 neurons) than in unstressed rats (n = 8 neurons; t (15) = 5.54; P , 0.0001; Fig. 4) , whereas the baseline amplitude of mEPSCs did not differ significantly between these two groups. To determine the role of NMDARs in the increased frequency of mEPSCs in CUMS rats, we blocked NMDARs by bath application of 50 mM AP5, a selective NMDAR antagonist. AP5 application significantly decreased the frequency of mEPSCs in eGFP-tagged PVN-CRH neurons in CUMS rats from 4.31 6 0.35 Hz to 2.27 6 0.36 Hz (n = 9 neurons from 6 CUMS-treated rats; F (2, 16) = 27.71; P , 0.0001; Fig. 4B, 4D , and 4F). However, AP5 application had no significant effect on the frequency or amplitude of mEPSCs in unstressed rats (Fig. 4A, 4C , and 4E). We also performed cumulative probability analysis for frequency and amplitude of mEPSCs for each neuron recorded. The cumulative probability analysis of mEPSCs revealed that the distribution pattern of the interevent interval of mEPSCs shifted toward the right during AP5 application in CUMS rats, whereas the distribution pattern of the amplitude of mEPSCs was not significantly changed during AP5 application (Fig. 4D) . Neither the distribution pattern of the interevent interval nor the amplitude of mEPSCs was altered during the application of AP5 in unstressed rats (Fig. 4C) . These data suggest that presynaptic NMDAR activity is tonically activated and involved in CUMS-induced increases in presynaptic glutamate synaptic inputs to PVN-CRH neurons.
Blockade of NMDARs normalizes the increased firing activity of PVN-CRH neurons and elevated CORT levels in CUMS rats
To determine the role of NMDARs in the hyperactivity of PVN-CRH neurons, we recorded the firing activity of PVN-CRH neurons before and after NMDAR blockade. The majority of the PVN-CRH neurons displayed spontaneous firing activity in both unstressed rats (8 of 11 cells; 74.2%) and CUMS-treated rats (8 of 10 cells; 80%). The baseline firing rate of the PVN-CRH neurons was significantly higher in CUMS rats (n = 8 neurons from 6 rats) than in unstressed rats (n = 8 neurons from 6 rats; t (14) = 5.51; P , 0.0001). Blockade of NMDARs with 50 mM AP5 did not significantly change the firing activity and membrane potential in PVN-CRH neurons in unstressed rats (Fig. 5) . However, bath application of 50 mM AP5 normalized the firing rate in CUMS rats to the levels of unstressed rats, from 2.92 6 0.34 to 1.52 6 0.15 Hz (n = 8 neurons; F (2, 14) = 34.01; P , 0.0001; Fig. 5 ). Furthermore, AP5 significantly hyperpolarized the membrane potential from 248.5 6 1.1 to 54.8 6 1.2 mV (F (2, 14) = 21.86; P , 0.0001) in these neurons in CUMS rats.
We then determined whether increased NMDAR activity in the PVN contributes to the CUMS-induced hyperactivity of the HPA axis. Memantine is a competitive NMDAR antagonist and is used clinically to improve stress-induced cognitive and psychological symptoms (41, 42) . To determine the roles of NMDARs in the CUMS-induced Figure 4 . NMDAR contributes to the increased frequency of mEPSCs in PVN-CRH neurons in CUMS rats. Original traces and cumulative probability plots show the effect of bath application of 50 mM AP5 on the mEPSCs of PVN-CRH neurons from (A and B) unstressed rats and (C and D) CUMS rats. Summary data show the effects of AP5 on the (E) frequency and (F) amplitude of mEPSCs in the PVN-CRH neurons of unstressed rats (n = 8 neurons) and CUMS rats (n = 9 neurons). *P , 0.05 compared with basal value in the same group; # P , 0.05 compared with baseline in unstressed rats.
hyperactivity of the HPA axis, memantine was microinjected into bilateral PVN through an implanted cannula in unstressed and CUMS rats. Circulating CORT levels were measured in blood samples collected from the saphenous vein before and after memantine microinfusion. The CORT levels were remarkably elevated in CUMS rats (n = 6; 76.09 6 14.69 ng/mL) compared with unstressed rats (n = 6; 24.64 6 7.05 ng/mL; t (10) = 10.54; P , 0.0001; Fig. 6A ). Figure 6B shows examples of microphotographs of PVN microinfusion sites. Microinjection of 100 pmol memantine in 50 nL aCSF (43) decreased the CORT level from 95.57 6 14.13 to 43.20 6 9.90 ng/mL in CUMS rats (F (5, 25) = 80.51; P , 0.0001; n = 6). However, memantine did not significantly alter the CORT level in unstressed rats (Fig. 6 ).
Discussion
This study shows that CUMS augments synaptic NMDAR activity in PVN-CRH neurons and that the increase in synaptic NMDAR activity contributes significantly to HPA axis hyperactivity. We found that CUMS treatment not only increased NMDAR subunit protein levels in the PVN but also enhanced pre-and postsynaptic NMDARmediated glutamatergic synaptic inputs to PVN-CRH neurons. In addition, we found that NMDAR blockade normalized the hyperactivity of PVN-CRH neurons and hypercortisolemia in CUMS rats. These data suggest that enhanced synaptic NMDAR activity is an important mechanism underlying the hyperactivity of the HPA axis during chronic stress.
We found that the protein expression levels of the NMDAR subunits GluN1 in the PVN were significantly higher CUMS rats than in unstressed rats. Previous study using in situ hybridization revealed that chronic variable stress decreases the mRNA expression of the GluN2B subunit in the PVN but has no effect on the mRNA expression of GluN1 and GluN2A (11) . It should be noted that changes in mRNA levels may not represent the same tendency changes of protein expression levels and different stressors and/or the durations of stressors may result in discrepant NMDAR expression in the PVN. In addition, chronic stress has been shown to decrease protein expression levels of the GluN1, GluN2A, and GluN2B subunits in the prefrontal cortex (24) , which suggests that the stress responses of NMDAR in various brain regions differ. The hypothalamic PVN contains heterogeneous neurons including PVN-CRH neurons, and thus, the upregulation of NMDARs in PVN tissue may not represent an increase in the NMDAR expression level in PVN-CRH neurons in CUMS rats.
PVN-CRH neurons are innervated by glutamatergic nerve terminals (11) and express a high density of glutamate receptors, including NMDARs and AMPARs (14) . We found that CUMS augmented evoked NMDAR-EPSCs in PVN-CRH neurons but had no notable effect on evoked AMPAR-EPSCs, suggesting that CUMS enhanced the NMDAR-mediated glutamatergic synaptic inputs to PVN-CRH neurons. Although AMPARs may contribute to the HPA axis hyperactivity induced by acute immobilization stress (44), we found that CUMS had little effect on evoked AMPAR-EPSCs in PVN-CRH neurons. Previous study has shown that repeated restraint stress increases the frequency of glutamatergic spontaneous EPSCs in parvocellular PVN neurons, although the nature of the peptides synthesized and released by these cells has not been determined (45) . We found that CUMS significantly increased the frequency of glutamatergic mEPSCs to PVN-CRH neurons without altering their amplitude. According to the quanta hypothesis, changes in the frequency of mEPSCs represent an increase in the probability of glutamate release (39, 46) . This increased presynaptic glutamate release may contribute to increased evoked NMDAR-EPSCs in PVN-CRH neurons in CUMS rats. CUMS had little effect on the amplitude of mEPSCs, suggesting that CUMS did not alter postsynaptic AMPAR activity. Because NMDARs are distributed in both presynaptic terminals and postsynaptic soma (21, 37), we also determined the role of NMDARs in CUMS-induced increased presynaptic glutamate release and found that blocking NMDARs with its specific antagonist AP5 significantly decreased the frequency of mEPSCs in PVN-CRH neurons in CUMS rats but not in unstressed rats. These data suggest that presynaptic NMDAR activity is elevated in CUMS rats and contributes to enhanced glutamate release to PVN-CRH neurons. The elevated NMDAR activity may be due to an increase in the number of glutamatergic buttons, as opposed to the soma and dendrites, of PVN-CRH neurons in chronically stressed rats (16, 19) . In addition, it is possible that the phosphorylation level of NMDARs might contribute to the increase in NMDAR-mediated glutamatergic synaptic inputs.
One salient finding of our study was that CUMS significantly increased postsynaptic NMDAR activity in PVN-CRH neurons. We found that the amplitudes of evoked NMDAREPSCs and NMDA currents induced by puff application of NMDA in PVN-CRH neurons were significantly higher in CUMS rats than in unstressed rats. This increase in NMDAR currents may have been largely due to the increased expression levels of NMDAR subunits during CUMS. Another possibility is that CUMS increases the activity of kinases that are involved in the regulation of NMDAR activity in the PVN. Chronic restraint stress increases the activity of protein kinase C (47) and cyclin-dependent kinase 5 (48, 49) , which closely regulate the trafficking of NMDARs (50, 51) , as many phosphorylation sites in NMDAR subunits are substrates of kinases such as protein kinase C (51) and cyclin-dependent kinase 5 (52, 53) . Therefore, future studies are needed to determine whether CUMS-induced NMDAR activity is due to an increase in the phosphorylation level of the NMDARs induced by the elevated activity of protein kinase C and/or cyclin-dependent kinase 5 in the PVN. We also found that blocking NMDAR with AP5 induced hyperpolarization in the PVN-CRH neurons in CUMS rats but had no significant effect in unstressed rats, suggesting that NMDARs are tonically activated and contribute to depolarized membrane potentials in PVN-CRH neurons in CUMS rats. The enhanced NMDAR activity in PVN-CRH neurons may decrease inhibitory GABA B receptor activity because blocking NMDAR increases GABA B receptor-mediated currents (27) . It is also possible that enhanced NMDAR activity contributes to the depolarizing shift of GABA reversal potential in the PVN-CRH neurons in CUMS rats (26, 54, 55) . Both reduced GABA B receptor activity and depolarizing shift of GABA reversal potential increase excitability of PVN-CRH neurons and induce HPA axis hyperactivity during chronic stress (26, 27) .
We found that NMDAR blockade significantly decreased the basal spontaneous firing activity of PVN-CRH neurons in brain slices from CUMS rats but not unstressed rats. These data suggest that enhanced NMDAR activity contributes to the hyperactivity of PVN-CRH neurons in CUMS rats, whereas in unstressed rats, NMDAR is not involved in the control of the basal firing activity of PVN-CRH neurons. Because PVN-CRH neurons are key components of the HPA axis and the activity of PVN-CRH neurons are critical in controlling HPA axis activity and circulating CORT levels (56), blocking NMDAR would decrease circulating CORT levels in CUMS rats. Memantine is a competitive NMDA antagonist used to treat patients with Alzheimer's disease (57, 58) , psychological disorders, and cognitive impairment (41, 42) , we used this agent to assess the effect of blocking NMDARs in the PVN on circulating CORT levels. We found that microinjection of memantine into the PVN significantly reduced circulating CORT levels in CUMS rats but not unstressed rats. These data suggest that increased NMDAR activity in the PVN is critically involved in the hypercortisolemia in CUMS rats.
In summary, findings from our study suggest that CUMS enhances the excitatory glutamatergic synaptic inputs to PVN-CRH neurons. Increased glutamatergic synaptic inputs, including increased NMDAR-mediated presynaptic glutamate release and upregulation of postsynaptic NMDAR activity, can lead to hyperactivity of the PVN-CRH neurons, which likely contributes to the elevated activity of the HPA axis. Thus, the pre-and postsynaptic plasticity of the NMDARs may play an important role in the maintaining the hyperactivity of the HPA axis during chronic stress. These findings provide insight into the synaptic plasticity in the hypothalamus in chronic stress and suggest strategies to reduce hyperactivity of the HPA axis.
